In the article the results of the research aimed at the recognition of the correlation between the Ni-Fe film thickness and its magnetic domain structures are described. Magnetic thin films were prepared by pulse magnetron sputtering. Obtained thin film thicknesses were in the range of 47.6-326.0 nm. Magnetic domain structures were imaged using magnetic force microscopy. In order to obtain quantitative description of magnetic domains images, the algorithms designed for topography parameters determination were applied, enabling the comparison of specific factors related to the magnetic properties of the samples. Utilized approach provided the analysis of the impact of sputtering parameters on the morphological and magnetic properties of obtained films.
Introduction
Magnetic thin films with a good soft magnetic properties are commonly used in the area of memory devices for computer magnetic recording media, sensor industry and microelectromechanical systems. In particular, magnetic iron-nickel alloys with 72-83% nickel (generally called Sypermalloys, Mumetal) are well known group of thin films, because of its high initial and maximum permeabilities, magnetic saturation and relatively low coercivity [1, 2] . One of the methods of providing high quality soft magnetic thin films is magnetron sputtering [3] [4] [5] [6] [7] . This technique allows to deposit films on various substrates such as: glass, metal, plastic, fabric. Moreover, by magnetron deposition, the composition of alloy films can be controlled and the adhesion of film to substrate can be improved. Those advantages were key reasons to start the development of this method.
Macroscopic properties of thin films (electrical, mechanical, optical etc.) strongly depend on various factors such as: the structure and orientation, composition, thickness, grain size, type and temperature of substrates etc. [8] [9] [10] [11] [12] [13] [14] [15] . In addition, in the case of the magnetic thin films, their magnetic properties are conditioned by the magnetic domain structure [16] [17] [18] . In order to obtain the information about the magnetic domains structure, one can use magnetic force microscopy (MFM) [19, 20] . This method is derivative technique from intermittent contact atomic force microscopy (AFM), where the utilization of the magnetic material covering the scanning tip along with so called "lift mode" allows to detect long range magnetic forces and to perform the imaging of the magnetic domains distribution.
In the previous study, the research was aimed at the recognition of magnetic domain structures of thin magnetic film that can be used as a shield [21] . The utilization of certain image analysis features was presented as practical approach towards the quantitative data interpretation. In this paper the results of the investigation aimed at the analysis of the correlation of the film properties and sputtering parameters are presented. In order to do that, a number of samples had to be prepared and investigated in relation to specifically adjusted process parameters. In case of magnetic thin films, the origin of this relation is connected to size, shape and homogeneity of magnetic domains structure [22, 23] .
Experimental work
The experimental work contained two major steps: the samples preparation and the measurements. Both steps were performed carefully in order to avoid the samples contamination, which could have an impact on the measurement results.
Magnetic thin films were prepared by pulse magnetron sputtering in vacuum chamber 0.2 m 3 of volume, equipped with rotary and turbomolecular pumps. This system yields a base pressure in the deposition chamber better than 6 × 10 −4 Pa. The experimental part was carried out using planar magnetron source of the WMK-100 type. Ni 80 Fe 20 target with 100 mm in diameter and 1 mm thick, was sputtered onto Si substrate at room temperature. Deposition was carried out with power 550 W controlled by the rectangular pulses with the frequency ranging from 100 Hz to 5 kHz and different argon pressure of 3.4 × 10 −1 Pa and 7.4 × 10 −1 Pa (therefore the samples codes M3 and M7, respectively, were used). Obtained ferromagnetic thin film thicknesses were in 47.6-326.0 nm range.
The measurements of obtained films thickness and the magnetic domain structure were performed in tapping mode and MFM mode respectively with Innova instrument from Bruker (former Veeco Co.). Obtained results allowed to evaluate both: topography and magnetic properties. The measurements were performed using MESP-LC probes from Bruker. The lift-mode height was set to 40 nm, in order to obtain selective detection of the long-range magnetic forces.
In order to measure the thickness of the film, the procedure was performed as follows: every sample was scratched with copper, sharp tip being cut from the wire. Such an approach allowed to obtain clear surface of the substrate with undamaged film, therefore one could easily find the edge of metallic layer. After acquiring the topography of the step height of the material, the data was analyzed. As the first step, the local facet leveling was performed in order to obtain properly adjusted faces of the substrate and metallic film. Then the height of the film was determined using five cross-sections and the height distribution statistics (Fig. 1) . It should be noted that both approaches provided the outcome with good agreement. The average standard deviation of the measurements was approximately 7 nm. Fig. 1 . The topography, surface height distribution statistics and multi cross-section of the "step" structure made of metallic film and glass substrate used for the film thickness determination.
The acquired data was processed using SPIP software [24] . The statistical parameters used in further analysis such as S q (square mean average roughness) and S dr (surface area ratio) are defined below:
where
M and N are the total number of pixels in the analyzed scan in x and y axis, respectively, k and l are coordinates of a given pixel, z(x k , y i ) is the height of the surface at a given coordinate. Figure 2 shows the examples of the MFM images of Ni-Fe films with different thicknesses taken in zero field at room temperature. As can be seen in Fig. 2a , for a ≈50 nm thick film, there are no distinctive domain structures and domain walls. The MFM image with stronger contrast but still without clear domain structures is shown in Fig. 2b . Because the MFM tip is sensitive to field gradients from z-oriented domains, the obtained low contrast images imply that the magnetic spins mainly lie in the in-plane direction [16] . With further increase in film thickness, the domain structures appear and the elongated domain structure starts to be dominant. In ≈110 nm thick film, the magnetic moment of two side-neighboring domains are oriented opposite (Fig. 2c) . The observed bright and dark strips arises from the magnetization canted up or down out of the plane. The stripe-like domain contrast becomes stronger as the film thickness is further increased. Figure 2d presents example of the MFM pattern obtained for the film thickness z ≈200 nm.
Results
Obtained MFM patterns clearly reveal that there is a critical film thickness to have stripe-line domains that suggests the presence of a clear out-of-plane anisotropy in prepared thin film. Such reorientation of the magnetization is accompanied by marked changes in the morphology and the arrangement of the magnetic domains.
The summarized results of the thickness measurement are shown in Fig. 3 . In general, as expected, the thickness of obtained metallic films is proportional to the sputtering time.
The roughness parameter S q revealed a significant surface roughness increase after reaching certain threshold film thickness value (Fig. 4) . As in some cases the roughness is critical parameter, one can may take into account such phenomena. It should be underlined that for investigated sputtering parameters the critical film thickness values seem to be sputtering pressure dependent, but in general the behavior is similar.
Also such an issue could be observed in case of the surface area ratio (Fig. 5) . One can note rapid increase of that factor for thickness above 150 nm and 200 nm for M3 and M7 samples, respectively.
When a large number of the samples is analyzed, one needs to use the values representing the specific properties of the surface in order to be able to compare them. According to performed tests [21] , it appeared to be convenient to characterize magnetic properties with tools designed for topography analysis.
The surface area ratio (S dr ) shows interesting relationship to the thickness of the metallic film (Fig. 6 ). As the magnetic interaction intensity (peak-peak value related to the force caused by the magnetic interaction) increases along with the domains density, the S dr value raises up. Therefore this parameter may indicate the way the magnetic domain forms, with particular recognition of the critical film thickness of in-plane-out-plane domains orientation, observed as local minimum at thickness approximately 110 nm. The increase of the film thickness enabled the appearance of the laterally smaller but bigger in volume domains, causing stronger magnetic interaction and increase of S dr . The analysis of the graph allows to conclude that for both deposition rates the critical film thickness of the film is similar, but the magnetic interaction forces are different (various magnetization).
The fractal dimension is a statistical quantity that gives an indication of how completely a fractal appears to fill the space, as one zooms down to finer and finer scales. If we expect that domain structure will have very complex shape, it can be useful to describe it that way [25] . Figure 7 presents the normalized S dfn parameter based on fractal dimension, related to the thickness of the films. S fd is calculated by analyzing the Fourier amplitude spectrum for the different angles. At each calculation step the amplitude Fourier profile is extracted and the logarithm of the frequency and amplitude coordinates calculated and the outcome is averaged and referred to the thickness of the investigated layer. The used formula is presented below
where s is the slope of the log-log curves [26] . Such a data enables comparison of the intensity of the domain changes in all directions, taking into account the impact of the film thickness. One can notice linear behavior in log-log scale, very similar for both sputtering parameters, therefore the complexity of the magnetic domains borders increases in the same fashion for both investigated film groups.
Summary and outlook
Presented approach based on quantitative description of the MFM images allowed to analyze the impact of the sputtering factors on magnetic and morphological properties of developed films.
The major advantage of the presented analysis method is 2D complex and statistical outcome of the acquired data instead of simple point-to-point or profile description. Observed critical film thickness as well as the impact of the film sputtering parameters on magnetization of the domains are useful data in terms of choosing the most effective film development factors. The analysis shown here enables the possibility to perform the optimization process in terms of maximal performance as the magnetic shielding with specific focus on the oxidation risk minimizing related to the surface roughness (in particular in terms of the chemically active surface and presence of pores, which likely are filled with water and strongly increase the deterioration speed).
